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isolated, characterised with Dot blot and Southern blot and mapped with FISH in the genome
of C. pomonella. 17 microsatellite probes were used to localize microsatellite arrays in the
genome of C. pomonella. Method of microsatellite FISH revealed distribution of all tested

microsatellites in C. pomonella complement.

This thesis is part of the project funded by grant KIB501410901 of the Grant Agency of the

Academy of Sciences of the Czech Republic.

Prohlasuji, ze svoji diplomovou praci jsem vypracoval/a samostatné pouze s pouzitim
pramend a literatury uvedenych v seznamu citované literatury.

Prohlasuji, Ze v souladu s § 47b zakona ¢. 111/1998 Sb. v platném znéni souhlasim se
zverejnénim své diplomové, a to v nezkracené podobé elektronickou cestou ve verejné
pristupné &asti databaze STAG provozované Jihoceskou univerzitou v Ceskych Bud&jovicich
na jejich internetovych strankdch, a to se zachovanim mého autorského prava k
odevzdanému textu této kvalifikaCni prace. Souhlasim dale s tim, aby toutéZ elektronickou
cestou byly v souladu s uvedenym ustanovenim zakona ¢. 111/1998 Sb. zverejnény posudky
Skolitele a oponentl prace i zaznam o prlbéhu a vysledku obhajoby kvalifikacni prace.
Rovnéz souhlasim s porovnanim textu mé kvalifikacni prace s databazi kvalifikacnich praci
Theses.cz provozovanou Narodnim registrem vysokoskolskych kvalifikaCnich praci a

systémem na odhalovani plagiatd.

V Ceskych Bud&jovicich, 29. 4. 2011 e



Acknowledgement

Hereby I would like to thank to my family for support and patience during my master
studies. My great words of thanks belong to Magda Vitkova for her perfect work as a tutor. I
appreciate her attentive supervising and her enthusiasm for the whole project, which really
meant a great deal for me and helped me in getting through the whole problematics. Her
support and patience especially during final works on the thesis were priceless. I am very
grateful to Eduard Kejnovsky from Laboratory of Plant Developmental Genetics in Brno for
providing me selflessly with microsatellite probes. I also thank to Franta Marec, the head of
the Laboratory of Molecular Cytogenetics for accepting me to his lab family and providing me
with place and resources to pursue my project. He was also willing to give me immediate
and selfless expert consultations whenever I needed. I want to thank to all members of the
laboratory of Molecular Cytogenetics for their advices and creating nice atmosphere in the
lab. My special thank belongs to Marta Dalikovda who advised me and virtually led me
through the substantial part of my thesis concerning isolation of satellite DNA. For critical
reading I would like to thank to both Franta Marec and Radka Frydrychova-Capkova. They
both were very helpful not only in revising the content of the thesis but also in correcting
English grammar and stylistics. I thank to Magda Vitkova, Petr Nguyen, Valeriya Zabelina and
Michal Zapletal for providing me with insect used in this work.



Contents

0 R N o (oY [F ot o o SRS 1
1.1. REPELILIVE DINA...... oot sttt s te st et e sae e eneeseesennenrens 1
1.2, Transposable elements (TES) ...t 2
1.3. TANAEM FEPEALS ... bbb 3

1.3.1. SALEIIEES ...t 3
1.3.2. MiINISALEIIEES. ..o et nreneas 4
1.3.3. MiICTOSALEINEES ..ot 5
1.4. Negative effect of repetitive DNA presence and activity on the host genome........ 7
1.5. Repetitive DNA in hUM@N SEIVICE .......coovcuiiiciceeeeeeee ettt 9
1.6. Repetitive DNA in lepidopteran genome............ccveveuiieeecieeseeceec e 10
1.7. HoloKinetiC ChrOMOSOMIES ..........cviieiicceees e 11
1.8. CVAI@ POIMIONEIA.........c.ocoooeeeeseeieieesee ettt sttt sesaenessenessenens 12

2. AIMS Of The thESiS......ociceiice ettt 13

3. Material and MEhOAS ...........coiriieiie e 14
3.1. g EY TS SUSPP TR 14
3.2. Genomic self-priming PCR (GSP-PCR)..........cccccoiiiireiree e 15
3.3. Chromosome Preparations............cccecceeeieeieieieeieseee et e b 16
3.4. [N < =T a0 o SR 16
3.5. Visualization of tandem repeats via restriction analysis...........ccccccvevvreievcivicennne, 17
3.6. Cloning and SEQUENCING ........c.ceriiurueiirieeie et es 18
3.7. Probes for hybridization teChNIQUES ............cceiueiiiceccece e 19
3.8.  Southern hybridization ... 19
3.9. Dot-blot hybridiZation ............ccoueiieeicceee e 20
3.10.  Fluorescence in situ hybridization (FISH)..........ccccooeoiiiiiiicescese e 20

3.10.1.  FISH with biotin/digoxigenin labeled probe...............ccooiiiinnciiicee 20
3.10.2.  FISH with microsatellite probes ..o 22

Q. RESUIES ...ttt bRt et R et b ettt et nene s 23
4.1. GSP-PCR ...ttt b et nere s 23
4.2. Isolation and characterisation of satellite DNA...........ccooooeereie e, 25

4.2.1. Isolation of satellite DNA...........coirece e 25
4.2.2. Sequencing and characterization of satellite DNA with Southern blot............ 27
4.2.3. Distribution of CPSAT-1 in C. pomonella ChromOSOMES...........cccoevveereeereerennns 28
4.2.4. DT 1 o (o = = 1 Y] 28
4.3. MICrOSALEIlItE FISH .......coiiiiceii et 30

TR B (=Tl U1 T OSSPSR 35
5.1. GSP-PCR ..t b ettt ettt n s 35
5.2. Distribution of satellite DNA in the genome of C. pomonélla..................ccccoceun... 35
5.3. Microsatellite distribution in the genome of C. pomonélla...............cccoonneceanes 36

L U 411 0= Y2 OSSR 40

A ~ U=\ =1 1<) ool T TR TP UROR 41



1. Introduction

1.1. Repetitive DNA

Genomes of prokaryotic organisms consist predominantly of low-copy number DNA
sequences. Genome sizes of different prokaryotic species vary by less than an order of
magnitude (Kingsbury, 1969), and there is almost perfect correlation between genome
size and the total number of genes. In sharp contrast to prokaryotes, the eukaryotic
genomes that are generally much larger than their prokaryotic counterparts show
enormous interspecific differences in the size. Also genome sizes of very similar (and
therefore similarly complex) organisms may be very different. Among all organisms,
amoebae (Polychaos dubium) has the largest known genome counting up to 670 000 Mbp
(McGrath and Katz, 2004), while the smallest known non-viral genome belongs to bacteria
Carsonella rudi with its 160 kb large genome (Than, K., 2006). In eukaryotes, the
differences in the genome size are given by large-scale fluctuations in the amount of
“junk”, noncoding, repetitive DNA. The genome size variation that does not correlate with
the complexity of organism is termed as C-value paradox (Thomas 1971). Identification of
function and origin of repetitive DNA has always been the primary mission of many
geneticists since we have known about the existence of the repetitive sequences. The C,t
analysis (i.e. DNA reassociation kinetics) performed in many organisms demonstrated that
repetitive fraction may represent even more than half of the genome (Britten and Kohne,
1968). In the plant genome, the share of repetitive sequences can reach up to 95%
(Flavell et al., 1994). Trumpet lily, Lilium longiflorum, for instance, has the largest known
plant genome counting up to 90 000 Mbp where most of the DNA content is caused by
high repetitive DNA content (Joseph et al., 1990) and other plants demonstrate similar
tendency.

Repetitive DNA was originally considered as a purely selfish and parasitic DNA by
most geneticists (Orgel and Crick, 1980). Large portions of eukaryotic genome are
composed of the non-coding DNA which expands in parasitic-like manner. Theory of
selfish DNA was formulated based on these observations and it explained the relationship
between host and repetitive DNA quite sufficiently. However, accumulating evidence
doubting this theory as the only possible explanation of this relationship were emerging
with a development of molecular techniques and sequencing projects. What is more,
hypotheses describing evolution of this relationship were formulated. At the beginning of
the repetitive DNA expansion this relationship could have been clearly selfish and in the

course of evolution this relationship could develop in symbiotic manner (Brosius, 1999a;



Kidwell and Lisch, 2000; Kidwell and Lisch, 2001) Character and distribution of repetitive
DNA create two distinctive groups of repeats - transposable elements and tandem

repeats.

1.2. Transposable elements (TEs)

Transposones are semiautonomous elements that can move themselves to new positions
within the host genome. Transposable elements are divided into two classes according to
their mechanism of transposition, which can be either “cut and paste” (class of DNA
transposons) or “copy and paste” (class of retrotransposons) (Berg & Howe, 1989).
Character of their activity radically influences specific genome size and constitution of the
host genome. It also provides organisms with a potential source of variability, thereby
possibility to evolve from the long-term point of view (Kidwell and Lisch, 2001).

Transposones and transposone-derived elements (TE) appear to be abundant part
of eukaryotic genomes. Their sequences comprise up to 44% of the human genome
(Smit, 1996), 39% in mice (Waterston, et al., 2002), cca 50% in maize (SanMiguel et al.,
1996), cca 35% in the silkworm Bombyx mori (Futahashi et al., 2008), cca 10% in
Drosophila melanogaster (Pimpinelli et al., 1995), and 52% in the recently sequenced
genome of opossum (Gentles et al., 2007). The data indicates that transposons make up
a large fraction of the C-value of eukaryotic cell.

Activity of mobile elements in the genome is the main source of genetic variation
giving space to evolutionary processes. In the human genome, however, the activity of
DNA transposons was lost based on accumulation of mutations during evolution, and out
of mobile elements, only retrotransposons are truly active in humans nowadays
(International Human Genome Sequence Consortium, 2001). There is a whole range of
phenotypic changes caused by TE’s activity. It is noteworthy that TE’s activity creates
much broader spectrum of mutations than any other mutator (Kidwell and Lisch, 2001).
One of the common features of TE’s activity is production of double-strand breakage of
DNA strand causing chromosomal rearrangements such as translocations or inversions,
thereby contributing to faster genome evolution (Kidwell and Lisch, 2001). Mobile element
activity causes insertional mutation by transduction of structurally or regulatory important
sequences or by leaving 5’ or 3’ flanking sequence after imprecise excision. Such activity
results in production of chimeric mRNA or changes in expression pattern of the respective
gene. TEs can greatly contribute to gene evolution by their ability to duplicate certain

parts of chromosomes by means of ectopic recombination or imprecise excision. The



stated behaviour causes mostly negative phenotype manifesting as various diseases
mentioned later in this work.

“Molecular domestication” is another phenomenon observed in connection with
TE’s activity. The definition says that molecular domestication involves “the transition of a
genomic parasite to a stable integrated gene useful to the host over evolutionary time”
(Miller et al., 1997). There are plenty of conspicuous examples of molecular domestication
discovered so far. The most well-known of all is probably the case of D. melanogaster and
its system of maintaining the telomeres integrity (Traverse & Pardue, 1988) or mechanism
of VDJ recombination employed in production of human immune system variability (Lewis
and Wu, 1997).

In order to survive parasitic behaviour of TEs it was necessary for the genome to
develop a system down-regulating or repressing TE's activity. Only recently it has been
proposed that a cell might have developed a silencing mechanism based on process
involving small RNA molecules, RNA interference, which has always been considered to be
developed by the cell primarily as a tool for regulation of gene expression (Agrawal et al.,
2003; Barlow 1993; Yoder et al., 1997). DNA methylation is a neat alternative of a gene
regulation based on regulatory proteins interfering with initiation of transcription (Jones
and Takai, 2001). Besides gene regulation, proteins involved in DNA methylation
participate on gene silencing as well (Klose and Bird, 1999) and the origin and evolution
of this mechanism seems to be the same as the one of RNAi (Jordan and Miller, 2008).
TEs also developed mechanisms to downregulate their own activity in order to increase
fitness of their host. The main mechanism of selfregulation lies in less frequent
transposition (Robertson and Engels, 1989) as well as in selective insertion into
transcriptionally less active locations of the genome or into pre-existing elements (San
Miguel et al., 1996).

1.3. Tandem repeats

1.3.1. Satellites

Satellite DNA is a long, tandemly organized sequence motif with a repeat length of one to
several thousand base pairs. The sequence of satellite DNA is rich in adenine and
thymine, which gives it different density character in density gradient thereby satellite
DNA forms there an extra, satellite band (Beridze, 1986). The iteration of the satellite
units reaches up to several thousands of repeats. Distribution of satellite blocks is in
concordance with localization of heterochromatic blocks (John, 1988) that can be easily

visualized by C-band technique (Sumner, 1972; Jorge and Yasmineh; 1971, Charlesworth
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et al., 1994). Most satellite DNA is localized to telomeric or centromeric regions of
monocentric chromosomes (Charlesworth et al., 1994). While sequence of the satellite
unit is well conserved across related taxa, the length of the repeat can be highly variable
even in closely related species (Beritze, 1986).

According to recent findings, satellite DNA proves distinct conserved structural
features proposing the involvement of some repeats in specific chromatin structures.
Satellite DNA is proven to be an important structural unit in centromere (Dimitri et al.,
2005). Henikoff et al. (2001) suggested a possible role of satellite unit in nucleosome
formation when observing suspicious concordance of satellite unit distribution with
distribution of nucleosomes and similar length of the repeated unit between organisms.

Moreover, other functions such are maintenance and spreading of silent
chromatin, dosage compensation, programmed DNA elimination or RNAi mediated
heterochromatin assembly or even post-transcriptional gene regulation through RNA-
induced silencing complex (RISC) have been suggested for satellite DNA as well (reviewed
in Palomeque and Lorite, 2008).

Satellite DNA was proven to be functional not only thanks to its structural features
but also through its transcripts. Several studies managed to detect satellite DNA
transcripts in vertebrates, invertebrates and plants. Transcripts demonstrate tissue
specific and temporal expression, which may attribute them regulatory role. Their possible
function still remains speculation (reviewed in Ugarkovic, 2005).

Satellite sequence units within @ genome must necessarily face the similar
mutational processes due to the similar character of their sequence. Various satellite
DNAs present within one organism are subjected to gene conversion and unequal
crossing-over being considered as a main tool for satellite unit diversification (Smith,
1976). The fact may contribute to speciation of the species through the evolution of the
basal chromosome structures that satellite DNA forms thanks to its specific structural
features recruited by the cell (Ugarkovic and Plohl, 2002). Satellite DNA sequence
conservation is another indicator of selective constraint put on the sequence due to its

involvement in establishment of the centromere (Csink and Henikoff, 1998).

1.3.2. Minisatellites

Minisatellites are tandemly repeated motives, when a length of repeated unit stretches
from 9 up to 100 nucleotides. Their array length extends from 0.5 to 30 kbp (Jeffreys et
al., 1985; Nakamura et al., 1987). Studies of minisatellite genomic distribution revealed

predominantly terminal subtelomeric location. Unlike satellite DNA, minisatellites spread in
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euchromatic regions of the chromosomes. Their occurrence is often reported to be
upstream or downstream of genes, sometimes even within introns (reviewed in Ramel,
1997). Number of minisatellite repeat units varies largely within individuals. This
phenomenon called variable number of tandem repeats (VNTR) is widely used for "DNA
fingerprint analyses” being used in forensic medicine, for linkage studies in genetic
analyses or for paternity determination (Ramel, 1997). Mechanisms causing this kind of
variability within individuals proceed mainly by means of replication slippage,

intramolecular recombination or gene conversion (Armour and Jeffreys, 1992).

1.3.3. Microsatellites

Microsatellites or simple sequence repeats (SSR) are 1-6 nucleotide tandem repeat units
iterating mostly 10 to 100 times (Queller et al, 1993). Out of all the tandem repeats
microsatellites are the most spread within a genome and show high level of length
polymorphism (Li et al., 2002). Mechanisms of their amplification throughout the genome
predetermine them to cause random dispersive pattern. Their origin is attributed
predominantly to polymerase slippage during replication stage causing extension of pre-
existing microsatellite.

The other minor mechanism is spreading of microsatellite repeats during
retrotransposition as a part of the sequence of some transposable elements. It is
supported by numerous studies proving frequent coincidence of transposable elements
and microsatellites (Hoekstra et al., 1997; Ramsay et al., 1999; Akagi et al., 2001;
Fagerberg et al., 2001; Temnykh et al., 2001; Wilder and Hollocher, 2001; Johnson et al.,
2006).The fact that microsatellites cluster into families based on the similarities in the
sequence of their flanking regions in some taxa accounts for this phenomenon as well
(Meglécz et al., 2004). TEs therefore serve as a molecular transport for microsatellite
distributing it through the genome (Li et al., 2002). Nadir et al. (1997) also suggest one
possible scenario of microsatellite origin through 3’-extension of retrotranscripts, a
mechanism similar to mRNA polyadenylation.

The distribution of microsatellites within the genome was proved to be nonrandom.
All types of SSRs in selected organisms gather up predominantly in non-coding regions of
the genome most probably due to selection against frame-shift mutations deleterious
when occurring in coding regions of the genome (Metzgar et al., 2000).

SSR used to be considered as an evolutionarily neutral DNA. Only recently did lots of
studies point out on the possible functional perspectives of SSRs. The occurrence of

microsatellite tracts is the most often connected with causing negative phenotypes like
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human trinucleotide expansion disorders. Like TEs, SSRs can interfere with various
regulatory processes (Handa et al., 2003; Jasinka et al., 2003) including induction of
methylation resulting in transcriptional silencing (Coffee et al., 1999).

When listing changes caused by SSRs there are several mutations causing beneficial
phenotype to the host organism. In bacteria, for instance, SSRs have a key role in the
generation and maintenance of the high level of phenotypic diversity required for
successful inhabitation of new niches. Namely, the human pathogen Haemophilus
influenzae parasiting on human red cells show variable expression pattern in the genes
responsible for translation of hemoglobin-binding proteins. All three genes differ right in
the length of tetrameric repeats (Ren et al., 1999) included in their sequences causing
phase variation in expression (Morton et al., 1999). The same phase variation has been
observed at Neisseria meningitides (Bayliss, Field & Moxton, 2001) and Escherichia coli
(Torrez-Cruz and van der Woude, 2003).

Statistical linkage of SSR and variable phenotypic traits can be used for quantitative
trait loci (QTL) studies (Darvasi and Pisante Shalom, 2002). It has been proposed by King
et al. (1997) that SSRs may quantitatively modify phenotype of host organism based on
their distribution. What is more the SSRs have been proven to be part of various control
or coding sequences, therefore affecting function of the respective gene by exposing the
gene by its presence to higher mutation rate and regulating its expression in quantitative
manner (Li et al., 2002). Babich et al. (1999) when analyzing the distribution pattern of
Alu sequences in the human genome found out that SSR containing high affinity binding
sites for thyroid hormone, retinoic acid, and oestrogen receptors are often located in
promoter regions of genes activated in response to hormonal signals. The presence of
SSR within particular genes in the species across very diverse taxonomic groups implies
that those may actively participate on important cellular regulatory processes. For
example, the HLA-DRB1 gene contains a (GT),{(GA), SSR within intron 2 in almost all
vertebrates (Schwaiger and Epplen, 1995). This SSR segment is able to bind the
transcriptional factor CTCF (Arnold et al., 2000). Effects caused by SSRs mutations often
appear to be tissue or locus specific (Cleary et al.,, 2002). For instance, when being
present within flanking region of the certain gene, SSR can play a role as a trans-factor or
cis-element altering the gene expression. Specific example of such an effect present
Cleary and Pearson (2003) when they proved that (CTG), expansion participating on the
Myotonic dystrophy has flanking binding sites for Zn finger insulatory protein CTCF. In
human, promoter of Growth inhibitory Factor/Metallothionen III contains a (CTG)25

repressor motif that prevents gene expression in non-neural tissue (Imagawa et al.,
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1995). The same goes for human CD20 whose promoter contains a (CCAT), repressor
sequence. Loss or expansion of this motif causes over-expression thereby
lymphoproliferative disease (Croager et al., 2000).

1.4. Negative effect of repetitive DNA presence and activity on

the host genome
Seldom do transposon insertions cause a disease since most of such transposons have
been selected against in the course of evolution. Out of 65 diseases caused by TE
insertions recorded so far the most of these events have been attributed to L1, Alu and
SVA elements as these are the most active and, therefore, the most numerous elements
present in human genome nowadays. Frequently affected alleles are coagulation factor
VIII or IX, BTK gene and dystrophin causing coagulopathies (Kazazian et al., 1988;
Ostertag and Kazazian, 2001), immunodeficiency syndromes (Rohrer et al., 1999) and
muscular dystrophies and cardiomyopathies, respectively. Majority of TE insertions remain
unrevealed since their effect is either lethal to their host or they cause silent mutations.
They may also be concealed by recessive character of the mutation. The latter case
usually manifests in hemizygotic constitution of X-linked alleles in male carriers (Narita et
al., 1993; Yoshida et al., 1998). Autosomal TE insertion induced mutations are not that
prevalent since a loss of their function is concealed by the other unimpaired allele present
in the diploid genome. If autosomal mutation manifests, it predominantly mimics
phenotype of autosomal dominant disease. Examples include impaired NF1 tumor
suppressor leading to clinical neurofibromatosis (Wallace et al., 1991) and often affected
fibroblast growth factor receptor 2 (FGFR2) causing Apert syndrome (Oldridge et al.,
1999; Bochukova et al., 1999).

Minisatellite stretches were also proven to cause several human genetic diseases.
Noteworthy is minisatellite tract that is located 1000 bp downstream of the
polyadenylation signal of the Ha-ras protooncogene locus. Some alleles of this locus are 3
times more coincidental in cancer patients than it is in case of common alleles (Capon et
al., 1983; Kasperczyk et al, 1990; Krontiris, et al., 1993; Krontiris, 1995). Somewhat
similar case was discovered when studying minisatellite tract of insulin gene. One allelic
form with the shortest minisatellite tract present nearby the gene is the most often
associated with doubled risk of type I diabetes mellitus (IDDM) incidence (Krontiris,
1995).

Microsatellite tracts are dynamic entities of the genome. Their length changes
under the influence of many cell mechanisms such as DNA polymerase slippage during

replication or ectopic recombination. Most of these processes cause microsatellite
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expansion. Stability of microsatellite tracts within genome depends by large on
performance of mismatch repair system of the host cell. The lowered performance or
impaired function of the system was proven to cause increased microsatellite instability at
Saccharomyces (Strand et al., 1993). The comparable case was recorded concerning the
human colon cancer. A gene involved in HNPCC (Hereditory Non-Polyposis Colon Cancer)
is associated with instability of AC microsatellite tract. The impaired gene shares
homology with mismatch repair gene MutS in E. coli and MSHZ in yeast (Fishel et al.,
1993; Leach et al.,, 1993,). There are also other forms of cancer associated with
microsatellite instability, e.g. lung or Barrett's esophageal cancer (Meltzer et al., 1994).
Microsatellites can influence a gene function even directly where an expression of a
functional gene is affected by microsatellite instability within or outside the coding
sequence. Those diseases are characterized by the presence of unusually long
trinucleotide microsatellite tracts within genes encoding proteins ensuring certain
neurological functions (Bates and Lehrach, 1994; Ashley and Warren, 1995). Such an
affected gene causes malfunction, improper localization or impaired structure of the
translated protein. There are several well known cases of such microsatellite expansion
causing human diseases. Expansion of CGG and CTG trinucleotide causes Fragile X
syndrome and Myotonic dystrophy, respectively (Green, 1993). Huntington disease is
caused by expansion of CAG microsatellite tract in the huntingtin gene (Andrew et al.,
1994). Spinobulbar muscular atrophy is caused by polyglutamine expansion in the gene
coding for androgene receptor (Chamberlain et al., 1994). Another disease directly
associated to polyglutamine array extension is Spinocerebellar ataxia. There have been
more than 25 types of spinocerebellar ataxia types recognized so far depending on the
gene in which microsatellite expansion occurred (Bird, 1998). Recent studies have pointed
out that other diseases like schizophrenia or bipolar disorder may be linked to
trinucleotide tract expansion as well (O'Donovan et al., 1995). Extent and time of
manifestation of the disease correlate with the extension of the microsatellite array. The
fact that only trinucleotide repeats expansion causes diseases may be related to the
phenomenon of frameshift mutation. Microsatellite expansions where other than tri or
hexaplets are involved result in complete suppression of gene function causing immediate

dead of its carrier.



1.5. Repetitive DNA in human service

With a development of current molecular techniques it is possible to construct synthetic
retrotransposones and pursue directed mutagenesis (Han and Boeke, 2004; An et al.,
2006).

Ever since the discovery of the DNA transposone P element in D. melanogaster in late
80s’ scientists revealed a possibility to use the P element as a tool for genetic
manipulations. Nowadays it is used by large for fly transformation and insertional
mutagenesis.

Ivics et al. (1997) managed to reconstruct an active ancestral vertebrate's
transposable element Sleeping Beauty (SB) from teleost fish. Numerous studies carried
out recently give a promise of successful application of SB construct in gene therapy (Yant
et al., 2000; Montini et al., 2002; Oritz-Urda et al., 2003).

The piggyBac vector is a system developed for insect transgenesis. It is a DNA

transposon first isolated from the cabbage looper moth, T7richoplusia ni (Cary et al.,
1989).
Any transgenesis would not be plausible without position effect correlation. Position effect
during transgenesis is successfully suppressed with a gypsy insulator, a part of the gypsy
retroposon discovered when observing unusual character of mutations caused by gypsy
retroposon insertions in D. melanogaster (Holdridge and Dorsett, 1991).

It is noteworthy that the sequence motif of alpha satellite DNA in human is specific
for every chromosome (Jorgensen, 1997). Chromosome specific alpha-satellite DNA
probes are used in clinical cytogenetics and biomedical science for detection of
aneuploidies, non-disjunctions, chromosomal abnormalities and rearrangements involving
centromere, studying the parent of origin effect in cancer cytogenetics and genomic
imprinting. Alpha satellite variants of particular chromosome among different individuals
allow tracking back the pedigree and kinship of tested individuals, in a similar way as a
common polymorphic marker (O’Keefe et al., 1996).

Variability of microsatellite and minisatellite repeats (VNTR) is used for DNA
profiling in forensic studies, in paternity test or other kinship determination (Jeffreys et
al., 1985; Litt and Luty, 1989; Tautz, 1989; Weber and May, 1989). What is more, the
extensive length polymorphism of microsatellite loci even within closely related species
enables using them as efficient molecular markers in population genetic studies using
RFLP or AFLP (Goldstein and Schlotterer, 1999). Isolation of microsatellite loci is possible
owing to their unique flanking regions. This characteristic is used for the construction of

high density linkage maps (Beckman and Soller, 1990; Morgante and Olivieri, 1993).



1.6. Repetitive DNA in lepidopteran genome

The very first report on the repetitive DNA analysis in lepidopteran genome dates back to
1976. Efstratiadis in cooperation with Britten made a study based on the Cot analysis of
the genome of Chinese oak silkmoth, Antheraea pernyi. They concluded that a large
fraction of the genome is composed of interspersed sequences and repetitive DNA
(Efstratiadis et al, 1976).

Analysis of a repetitive DNA depends by large on the knowledge of genome
sequence of an analyzed organism. The only representative of Lepidoptera with known
genome sequence is the silkkworm B. mori. Futahashi et al. (2008) conducted screening of
the B. mori genome focusing on the characterization and genome distribution of
transposable elements. Transposable elements, represented mainly by SINEs and non-
LTR transposons, comprises up to 35% of the silkworm genome, which represents the
second highest portion presented among all insect species analyzed so far. The detailed
analysis of B. mori W chromosome revealed that its prevalent part is composed of nested
structures of various transposable elements (Abe et al., 2005).

First evidence on the composition of the lepidopteran genome in terms of
repetitive DNA came from Prasad et al. (2004) who carried out an analysis of B. mori
genome focused on frequency and distribution of microsatellites and their conservation
within lepidopteran species. They found that 0.31 % of the B. mori genome is composed
of microsatellite sequences when microsatellites with high AT content and short repeat
motif where the most abundant.

Franck et al. (2004) isolated 24 microsatellite markers from codling moth Cydia
pomonella and recommended them for further use in population genetic studies when
almost in the same time Meglecz et al. (2004) discovered that butterflies™ flanking regions
of microsatellite loci demonstrate very high similarity. The fact makes use of microsatellite
loci as a population genetic marker impossible for Lepidopera. Van't Hof, et al. (2007)
conducted survey of microsatellite loci of lepidopteran representative Bicyclus anynana
and based on his observation he suggested several mechanisms as a possible explanation
for this phenomenon.

B. mori also shows the highest proportion of microsatellite families out of 10
analyzed insect species (Meglécz et al., 2007). These findings suggest that the presence
of microsatellite families is at least partially the result of the association between
microsatellites and interspersed repetitive elements (Meglécz et al.,, 2007). Curious

consequences result from these findings. As microsatellite loci serve as markers in
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population genetics studies it is therefore difficult to isolate microsatellite markers at
certain species and enable their further use or characterization and distribution in the
genome as in the case of lepidopterans mentioned above.

Mandrioli et al. (2003) managed to isolate the first, and so far the only satellite DNA
in Lepidoptera. A satellite, designated MBSAT1, was isolated from the cell line of the
cabbage moth, Mamestra brassicae. The MBSAT1 was localized into heterochromatic
regions of sex chromosomes by FISH.

To the best of my knowledge information presented above are the only conclusions
made about repetitive DNA in lepidopterans. To widen knowledge about distribution and
character of repetitive DNA in Lepidoptera, the group of insect with holokinetic
chromosomes, I decided to conduct my research on a well-known lepidopteran pest,

codling moth, Cydia pomonella.

1.7. Holokinetic chromosomes

In most organisms the kinetics of the chromosomes during the course of their segregation
is ensured by kinetic apparatus localized in centromere (Mola and Papeschi, 2006).
However some organisms show different organization where the kinetic activity is more or
less evenly distributed along chromosomes (termed as holokinetic or holocentric
chromosomes). Holokinetic or holocentric chromosomes are terms referring to
chromosomes without a primary restriction, the centromere, which implies particular
structure and behaviour that those chromosomes assume during a cell cycle especially
during mitosis or meiosis (Mola and Papeschi, 2006).

Holokinetic chromosomes have been discovered within wide range of organisms
even though their occurrence is rather scarce. They have been found in representatives of
both plants and animals, and also in unicellular organisms such as Rhizaria. In insects,
they are present in numerous orders including Lepidoptera and their sister order
Trichoptera (for details see review of Mola and Papeschi, 2006).

Presence of the holokinetic chromosomes lends the host organism specific features
and provides the species with several advantages in comparison to the systems with
monocentric chromosomes. The structure of kinetochore apparatus determines character
of heritability of chromosome fragments emerging in response to exposure to various
clastogenic agents or irradiation. The fragments of holokinetic chromosomes were proven
to be attached to the mitotic spindle during chromosome segregation and they can carry
through the cell cycle. Unlike monocentric chromosomes, holokinetic chromosomes do not

create dicentric fragments that block mitosis and are therefore fatal for the cell (Hughes-
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Schrader and Ris, 1941; Ris, 1942; Hughes-Schrader and Schrader, 1961; Nordenskiold,
1963). The fact has the large consequences on the evolution of karyotype in holokinetic
systems. Holokinetic chromosomes also show different way of evolution of chromosome
structure not only in terms of distribution of heterochromatin compared to monocentric

chromosomes (Mola & Papeschi, 2006).

1.8. Cydia pomonella

The presented master thesis deals with a model organism, the codling moth Cydia
pomonella (Tortricidae; Lepidoptera). The karyotype of C. pomonella comprises 56
chromosomes of the holokinetic type and almost uniform size. Fukova et al. (2005)
sorted out the chromosomes into 5 size classes. It is still impossible to identify individual
chromosomes due to the absence of banding techniques at Lepidoptera. The sex
chromosomes (WZ/ZZ; female/male) are the only chromosomes recognizable of the C
pomonella karyotype. The Z chromosome is the biggest element of the complement. The
W chromosome, which is only slightly smaller, is composed of heterochromatin and it
forms a heterochromatic body, the so-called sex chromatin, in interphase nuclei of

somatic cells.
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2. Aims of the thesis

Codling moth is the major pest of pome and walnut orchards of the moderate climate
worldwide. A systematic research of this species is therefore of the highest importance
(Fukova et al., 2005). Numerous studies focusing on genome structure and evolution has
been carried out so far. Only scarcely do these studies concern organisms possessing
holokinetic chromosomes. A complete image of the chromosome structure requires the
understanding of the repetitive DNA distribution (Ferreira and Martins, 2008). While the
location of repetitive DNA, particularly satellite DNA in monocentric chromosomes has its
typical pericentric and subtelomeric location, the situation in the holocentric chromosomes
must be different due to the special kinetochore structure (Charlesworth et al., 1994;
Mola and Papeschi, 2006). The whole genome sequencing (WGS) project which would
facilitate an effort to make an overall picture of the genome organization in holokinetic
systems has been carried out only in C. elegans worm (C. elegans sequencing consortium,
1998) and silkworm so far (Mita et al., 2004). Such knowledge therefore requires further
more detailed survey.

Until WGS project is underway a further research depends by large on the physical
markers mapped by in situ hybridization to the genome. Since previous studies reported
repetitive elements demonstrating selective, sometime even chromosome specific
distribution pattern in monocentric chromosomes (Willard et al., 1987), it would be
interesting to find out whether organisms with holokinetic chromosomes demonstrate the
same tendency (considering that most repetitive DNA gather around centromere and
subtelomeric regions).

Speaking of C. pomonella only limited knowledge of its genome has been gathered
so far (Fukova et al., 2005, 2007, 2009; Makee et al., 2008). Since codling moth does not
represent a model organism of the Lepidoptera genetics, the whole genome sequence is
not available for this species. It is therefore necessary to use another approach for
genome analysis. The aim of this thesis was to isolate and characterise different types of
repetitive DNA in the genome of C. pomonella. The work consisted in partial steps as
followed. (1) To test various approaches allowing isolation of repetitive DNA from the
genome of the codling moth. (2) To reveal the character of isolated DNA with Southern
blot, to obtain the sequence of the respective repetitive element and localize it in C
pomonella complement with FISH. (3) To verify its conservativeness in different
lepidopteran species with cross-species Dot blot. (4) To map microsatellite probes to the

genome of C. pomonella by means of microsatellite FISH
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3. Material and Methods

3.1. Insects

Cydia pomonella (codling moth; Tortricidae) instar of strain Krym-61 available in
Laboratory of Molecular Cytogenetics, Institute of Entomology, Biology Centre, ASCR,
Ceské Budéjovice, Czech Republic. Details about the strain are discussed in work of
Fukova et al. (2005).

Grapholita molesta (Oriental fruit moth; Tortricidae) is available in Laboratory of
Molecular Cytogenetics, Institute of Entomology. The strain was provided by Prof. Silvia
Dorn (Institute of Plant, Animal and Agroecosystem Sciences, Applied Entomology, ETH
Zurich, Switzerland) Details of the strain listed in work of Notter-Hausmann, C. and Dorn,
S. (2010)

Lobesia botrana (European grapevine moth; Tortricidae) is available in Laboratory of
Molecular Cytogenetics, Institute of Entomology. The strain was provided by Prof. Annette
Reineke (Research Center Geisenheiminstitute, of Biology, Department of Phytomedicine,

Entomology, Geisenheim, Germany).

Ephestia kuehniella (flour moth; Pyralidae), strain WT-C was available in Laboratory of
Molecular Cytogenetics, Institute of Entomology. Details of the strain listed in work Marec
(1990).

Bombyx mori (silkworm; Bombycidae), strain P29, was provided by Valeriya Zabelina,
Biological Center, AV CR, Ceské Bud&jovice, Czech Republic.

Xestia c- nigrum (Spotted cutworm; Noctuidae) was generously provided by Michal
Zapletal, Institute of Entomology, The collection was made in moth collector in Ceské

Budéjovice, Czech Republic.

Phthorimaea operculella (Potato tuber moth; Gelechiidae) was available in a breeding
stock of Laboratory of Molecular Cytogenetics, Institute of Entomology. The strain was
provided by Dr. Hayat Makee (Department of Molecular Biology and Biotechnology,
Atomic Energy Commission of Syria, Damascus, Syria). Details of the strain are listed in
Makee, H. and G. Saour (1999).
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Pieris brassicae (Large white; Pieridae) was provided by my colleague from Laboratory
of Molecular Cytogenetics, Petr Nguyen. Specimens were collected in natural population in
Ohrazeni near Ceské Bud&jovice, Czech Republic. Details of the specimens listed in work
Nguyen et al. (2010).

Polyommatus bellargus (Adonis blue; Lyceanidae) was provided by my colleague from
Laboratory of Molecular Cytogenetics, Petr Nguyen. Specimens were collected in natural
population in Ohrazeni near Ceské Budé&jovice, Czech Republic. Details of the specimens
listed in work Nguyen et al. (2010).

Inachis io (European peacock; Nymphalidae) was provided by my tutor Magda Vitkova
from Laboratory of Molecular Cytogenetics. Specimens were collected in natural

population near Veseli nad Luznici, Czech Republic.

Lasiommata megera (Wall brown, Nymphalidae) was provided by my tutor Magda
Vitkova from Laboratory of Molecular Cytogenetics. Specimens were collected in natural

population near Ceské Budé&jovice, Czech Republic.

3.2. Genomic self-priming PCR (GSP-PCR)

The GSP-PCR was carried out according to the protocol listed in the work of Buntjer and
Lenstra (1999). 50 ng of genomic DNA (gDNA) was denaturated at 100°C for 15 min and
mixed it with 50 ng of intact gDNA. The DNA was used in 25 pl PCR mix (200 uM DNTP
mix, 1x Ex Taq buffer, 4 mM MgCl,, 1.25 U of Taq polymerase (TaKaRa Bio Inc, Otsu,
Japan) and the PCR reaction was performed with following PCR profile: predenaturation
at 95°C for 5 min, 30 cycles of denaturation at 92°C for 1 min, annealing at 50°C for 2
min, elongation at 72°C for 2 min and 1 cycle of postelongation at 72°C for 7 min. 5 pl of
the product was used for reamplification. The products were reamplified once and twice,
respectively, and subsequently separated electrophoretically on 1% agarose gel at 5V/cm.
The product amplified once was also digested with selected restriction endonucleases
(Afal, Alul, Hinfl, EcoR 1, Pst1, Rsal, Sau3A 1, TagI) and the products were separated
electrophoretically on 1% agarose gel. Alternatively, gDNA was digested with selected
restriction endonucleases, products were mixed with the same amount of intact gDNA and
used for GSP-PCR. The products were digested with same restriction endonucelases and

the products were separated electrophoretically on 1% agarose gel. The gel was stained
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with Gel Red™ Nucleic Acid Gel Stain (Biotium, Inc., California, USA) and the outcome
was documented under UV light in White/UV Transilluminator with rainbow TV zoom lens
(UVP, LLC, Japan). The scheme of the experiment is listed below for the better
understanding of the process (see Fig.1.).

native gDNA + denaturated gDNA native gDNA + RE digested gDNA
\ J
GSP PCR GSP PCR
' /
GSP PCR product GSP PCR product
'y '
reamplification  RE digestion el-fo RE digestion
' ¥ /
reamplification  ekfo ekfo ekfo

/

elfo

Fig.1. A scheme of GSP-PCR. RE = restriction endonuclease, el-fo = visualization with agarose-gel
electrotrophoresis.

3.3. Chromosome preparations

Both mitotic and meiotic chromosome preparations were obtained from 5" instar female
larvae of Cydia pomonella. Mitotic preparations were made of imaginal wing discs.
Preparations were made according to a slightly modified procedure of Sahara et al.
(1999). Ovaria were dissected in Ringer physiological solution according to Glaser (1917)
(0.9% Sodium Chloride, 0.042% Potassium Chloride, 0.025% Calcium Chloride, 0.02%
Sodium Hydrogen Carbonate) treated in hypotonic solution (0,075M KCl), and transferred
into Carnoy fixative (Ethanol-Chloroform-Acetic acid, 6:3:1) where they were left for 15
min. After fixation the ovaria were transferred on the slide into a drop of 60% acetic acid
and macerated with tungsten needles. Macerated material was spread onto histological
plate heated to 45°C. For more efficient spreading hot and cold was changed when

switching histological plate with frozen plate.

3.4. DNA extraction

DNA extraction was performed using standard phenol-chloroform extraction. Adult

females of Cydia pomonella, Grapholita molesta, Lobesia botrana, Ephestia kuehniella,
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Bombyx mori, Xestia c-nigrum and Phthorimaea operculella were collected and their
abdomens were removed. The remaining tissue was either homogenized in liquid nitrogen
and incubated in extraction buffer (0.5 g of tissue/10 ml of extraction buffer: 100 mM
NaCl, 50 mM EDTA, 100 pg/ml Proteinase K, 0.5% Sarkosyl, 10 mM Tris-Cl, pH 8)
overnight while shaking gently at 37°C in case of C. pomonella or were homogenized in
500 pl of extraction buffer in 1.5 pl eppendorf tube with little pestle and were incubated
overnight while shaking gently at 37°C in case of remaining specimens. The next day the
RNase A was added (final concentration 10 pg/ml) and the mixture was incubated
another one hour at 37°C while gently shaking. Then phenol (pH 8) of the amount
corresponding to the sample volume was added to each sample and incubated at room
temperature (RT) for 30 min while gently shaking. Sample was centrifuged for 15 min at
5000 g. Upper phase containing DNA was transferred into a clean tube. This step was
repeated once or twice depending on protein contamination. Then, same volume of
phenol/chloroform/isoamylalcohol mixture (ratio 25:24:1) was added, incubated and
centrifuged as during phenol treatment. The last extraction step was performed with
chloroform/isoamylalcohol mixture (ratio 24:1). DNA was precipitated by addition of 3M
Na-acetate (1/10 of sample volume) and isopropanol (7/10 of sample volume).
Precipitated DNA was briefly washed in 70% ethanol and dissolved in TE buffer. Quality of
DNA was verified in use of restriction analysis (1 pg of DNA was digested with Hind III at
37°C for one hour) and following electrophoretic separation in 1% agarose gel in TAE.
Concentration of DNA was determined on fluorometer DyNA Quant 200 (Amersham
Biosciences, Buckinghamshire, UK). Genomic DNA was used for restricion analysis of
tandem repeats, GSP-PCR, Southern hybridization and Dot blot hybridization.

3.5. Visualization of tandem repeats via restriction analysis

Isolated genomic DNA (gDNA) was digested with 27 different restriction endonucleases
listed in the table below with number of bands it produced, 10-20 pl of digestion reaction
contained 5-10 pg of gDNA, 1x restriction buffer, 1 pl of respecive restriction
endonuclease (number of units ranged from 10 to 15 depending on the enzyme).
Reaction mix was incubated overnight at 37°C while gently shaking. Restriction products
were separated electrophoretically on 1.5% agarose gel in TBE at 5V/cm, labelled with
Gel Red Red™ Nucleic Acid Gel Stain for 10 min, and checked under the UV light.
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3.6. Cloning and sequencing

Desirable bands were cut out under UV light and isolated DNA with Wizard SV Gel and
PCR-up System (Promega Corporation, Madison, WI, USA). Blunted ends of the product
were incubated with Mung Bean nuclease at 37°C for 60 min and dATPs were added to
the blunt ends with rTaq polymerase at 72°C for 30-60 min. Adjusted DNA was cloned by
use of pGEM-T easy vector system (Promega Corporation, Madison, WI, USA).
Alternatively the pUC19 cloning system (Invitrogen, Carlsbad, CA, USA) was used. Vector
pUC19 was digested with respective restriction endonuclease, 50 ng of the vector was
used in ligation reaction along with 11-25 ng of the digested gDNA, 1x buffer and T4 DNA
ligase (TaKaRa Bio Inc, Otsu, Japan). Ligation reaction was incubated overnight at 16°C.
The product of ligation reaction was used for heat-shock transformation of chemically
competent cells DH5a. Heat shock of 42°C was applied for 90 s. Cells were quickly cooled
down on ice and let subsequently regenerate in LB medium with 2% glucose at 37°C for
45 to 60 min while shaking. Transformed cells were further transferred on Petri dishes
with LB medium containing agar (LB medium, 2% agar, 100 pg/ml ampicilin, 350 uM
isopropyl B-D-1-thiogalactopyranosid, 35 pg/ml X-gal). Positive white colonies were tested
for the presence of insert by use of PCR with universal M13-24 primer (5°-CGC CAG GGT
TTT CCC AGT CAC GAC-3") and M 13-26 primer (5"-CAG GAA ACA GCT ATG AC-3"). 12.5
Ml reaction mix contained 1x Ex-Taq buffer, dNTP mix (200 pM of each nucleotide), 6 UM
of each primer, 0.5 U of Ex Tag DNA polymerase, HS (TaKaRa). PCR profile was as
followed. Predenaturation at 94°C for 3 min, denaturation at 94°C for 30 s, annealing at
57°C for 30 s, elongation at 72°C for 60 s (steps 2-4 were repeated 30 times),
postelongation at 72°C for 7 min. Final products were separated electrophoretically on
1% agarose gel in TAE. Clones with inserts of various sizes were used for further
sequencing. Sequencing reactions were carried out with universal primers M 13-24 and M
13-26 listed above and with use of BigDye Terminator in 3.1 Cycle Sequencing Kit
(Applied Biosystems, Foster City, USA) in the Laboratory of genomics, Biology centre
ASCR. Acquired sequences were adjusted in program MEGA4 (Tamura et al., 2007)
available for free at www.megasoftwarenet.com. Partial vector sequence was removed in
on-line program BLAST, subfunction VecScreen available in NCBI database and the
identity of the insert sequences was verified in NCBI database in subfunction BLASTN

(http://www.ncbi.nIm.nih.gov/).
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3.7. Probes for hybridization techniques

DIG labelled probe for Southern hybridization and Dot blot hybridization was generated by
means of PCR from pUC19 plasmids containing inserts. The PCR reaction and conditions
were exactly same as used to test the colonies for insert presence, except the dNTP mix,
which contained DIG-11-dUTP (Roche Diagnostics, Basel, Switzerland) (dNTP mix: 1 mM
dGTP, dCTP, dATP, 0.65 mM dTTP, 0.35 mM DIG-dUTP).

Unlabelled telomeric probe (TTAGG), was generated by non-template PCR with
(TTAGG), and (CCTAA), primers custom-made by Generi Biotech (Hradec Kralové, Czech
Republic). 25 ul PCR reaction contained 1x Takara ExTaq buffer, 200 pmol/L dNTP mix,
0.5 pmol/L of each primer and 1.25 units of Ex Tag DNA polymerase, HS (TaKaRa). PCR
conditions were: Predenaturation at 94°C for 90 s, denaturation at 94°C for 45 s,
annealing at 52°C for 30 s, elongation at 72°C for 60 s (steps 2-4 were repeated 30
times), postelongation at 72°C for 10 min. PCR product was consequently labelled either
with digoxigenin (a probe designated for FISH with biotin labelled satellite probe) or with
SpectrumGreen (a probe designated for FISH with Cy3 labelled microsatellite probes).
DIG-11-dUTP labelling was performed using High Prime DNA Labeling Kit (Roche
Diagnostics, Mannheim, Germany) following the manufacturer protocol. Latter probe was
labeled with SpectrumGreen-dUTP (Vysis Inc., Downers Grove, USA) by means of Nick
Translation Mix (Roche Diagnostics). We used our own dNTP mixture containing 50 uM
dCTP, dGTP, dATP, 14 uM dTTP), with 35 uM SpectrumGreen-dUTP per 300 ng of
unlabelled telomeric probe. The reaction run overnight at 16°C and then was stopped by
adding 1 pl of 0.5 M EDTA. Length of the probes was checked on 1% agarose gel in TAE.
Optimal length of the labelled probe was 500-1000 bp.

Cy3-directly labelled microsatellite probes (VBC-Biotech, Vienna, Austria) were a
courtesy of doc. RNDr. Eduard Kejnovsky, CSc. (Institute of Biophysics ASCR, Brno, Czech
Republic).

3.8. Southern hybridization
Approximately 6 ug of Cydia pomonella genomic DNA per sample was digested with 15 U

of Xba I endonuclease for one hour at 37°C. Then, another 15 U of Xba I were added to
the reaction and incubated overnight at 37°C. Next day the DNA fragments were
separated on a 1% agarose gel in 1x TBE buffer (5V/cm for 2-4 hours). The gel was
stained with Gel Red™ Nucleic Acid Gel Stain and checked under UV light in order to
confirm presence of sufficient amount of DNA and its proper fragmentation. The gel was

consequently treated for 10 min with 0,25 M HCl at RT, 2 x 15 min with denaturation
19



solution (0.5 M NaOH, 1.5 M NaCl) at RT, and 2 x 15 min with neutralization solution (0.5
M Tris-HCI, 3M NaCl, pH 7.5). Finally, DNA was blotted overnight onto a Hybond-N+ nylon
membrane (Amersham Biosciences, Buckinghamshire, UK) by capillary transfer in 20x
SSC. Then the membrane was briefly washed in 2x SSC and crosslinked in the UV
crosslinker (Amersham Life Science, Little Chalfont, UK) at 1200 mJ]. Hybridization of
genomic DNAs with probes was performed at 42°C for 20 hours in 6.5 ml of a
hybridization solution prepared from DIG Easy Hyb Granules (Roche Diagnostics),
containing 50 ng of denaturated respective probe. Washes of 2 x 5 min in 0.1% SDS/2x
SSC at RT and a stringent wash in 0.1% SDS/0.2x SSC for 15 min at 68°C were followed
by the procedure for signal detection at RT: 5 min in washing solution (0.3% Tween 20 in
TBS (TBS: 250mM Tris-HCI, 2M NaCl, pH 7,5)), 30 min in blocking solution (5% fat free
dry milk in TBS; Difco skim milk, Becton, Dickinson and Company, Sparks, MD, USA), 30
min in 100 mL blocking solution containing 7.5 U Anti-Digoxigenin-AP (Roche
Diagnostics), 2 x 15 min in washing solution and 5 min in pH-adjusting solution (0.1 M
Tris-HCI, 0.1 M NaCl, pH 9.5). Chemiluminescent signals were obtained by incubation of
the membrane in CDP-Star ready-to-use substrate (Roche Diagnostics) for 10-30 min at
RT and images were recorded with a LAS-3000 Lumi-Imager (Fuji Photo Film Europe

GmbH, Disseldorf, Germany). Exposure times ranged from 1 to 10 min.

3.9. Dot-blot hybridization

500 ng of genomic DNAs of Cydia pomonella, Grapholita molesta, Lobesia botrana,
Ephestia kuehniella, Bombyx mori, Xestia c- nigrum, and Phthorimaea operculella was
denaturated at 95°C for 5 minutes, chilled on ice and dripped on the Hybond-N+ nylon
membrane (Amersham Biosciences, Buckinghamshire, UK). The membrane with DNA
samples was cross-linked in UV crosslinker at 1200 mJ, soaked in 2x SSC and hybridized
with 50 ng of denaturated DIG-labelled satellite probe in 6.5 mL of DIG Easy Hyb solution
at 42°C or 52°C overnight. Washing and detection conditions were the same as in

Southern hybridization.

3.10. Fluorescence in situ hybridization (FISH)

3.10.1. FISH with biotin/digoxigenin labeled probe

Slides were taken out of the freezer (-20°C), dehydrated in ethanol series 70%-80%-
100% and let dry for 10 min. In order to decrease background signal caused by excessive
cytoplasm chromosome slides were pretreated with solution of RNAseA and Proteinase K.

Chromosome preparations were baked at 60°C for four hours to avoid washing the
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material off the slide during following Proteinase K pretreatment. 100 pl of RNAse A
solution (200 pg/ml of RNAse A in 2x SSC) were dripped on the preparation, covered with
a cover slip (24x50 mm) and let incubate in @ moisty chamber at 37°C for one hour.
Further, the pretreatment in PBS (phosphate buffered saline) containing Proteinase K (1
Mg/ml) was applied. The preparations were incubated in the Proteinase K solution in a
Coplin jar at 37°C for 5 min in a rocking bath. Preparations were washed twice in PBS at
37°C for 5 min in a rocking bath. Preparations were blocked in 60 ml of 5x Denhardt’s
reagens (100x stock solution: 2% BSA, 2% Ficol, 2% Polyvinylpyrrolidone in 3x SSPE
buffer) at 37°C in a rocking bath. After pretreatment the preparations were immediately
denaturated. 100 pl of the 70% formamide in 2x SSC was dripped on the preparation and
covered with a 24x50 mm cover slip. The denaturation proceeded at 68°C for 3 min 30 s.
The cover glass was shook off and preparations were put into 70% cold ethanol for 1
min. Dehydration was finished with the ethanol series of 80% and 100% ethanol and
preparation was let dry.

In the mean time the hybridization mix was prepared. Following amounts are
intended for one slide. The probe or probes (20 ng of satellite probe, 40 ng of telomeric
probe) were mixed with 25 ug of sonicated DNA from salmon sperm (Sigma-Aldrich, St.
Louis, USA). 1/10 volume of 3 M Na-acetate and 2.5x volume of 100% cold ethanol were
added to the hybridization mix and it was let precipitate for 30-60 min at -80°C.
Hybridization mix was centrifugated at 13 000 rpm for 20 min. A supernatant was
removed and the pellet was washed by addition of 200 pl of 70% cold ethanol. Then it
was centrifugated at 13 000 rpm for 5 min. A supernatant was removed and pellet was let
dry in order to get rid of excessive ethanol. A pellet was resuspended in 10 pl of deionised
formamide at 37°C for 30 min. 10 pl of 20% dextran sulfate in 4x SSC was added and the
mixture was denaturated at 90°C for 5 min. The mixture was cooled down on ice
immediately and let stand there for at least 3 min. 20 pl of the hybridization mix was
applied on denaturated and perfectly dry preparations. Preparations were covered with
cover slip 24x32 mm and sealed with rubber cement (Marabuwerke, Germany). The
preparations were placed into a moisty chamber misted with 2x SSC and let hybridize at
37°C overnight. The next day the cover glass was shook off and preparations were
washed 3 times for 5 min in 50% formamide in 2x SSC at 46°C in rocking bath, further 5
times for 3 min in 2x SSC at 46°C in rocking bath, 3 times for 5 min in 0.1x SSC at 62°C
in a rocking bath and 5 min in 4x SSC in 0.1% Tween 20 at RT in a darkness while
shaking. Probe detection consisted of three sets of steps, each set started with blocking
with 500 pl of 2.5% BSA in 2x SSC for 20 min at RT in darkness, then incubation with
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antibodies, and finally washing three times in 4x SSC with 0.1% Tween 20 at 37°C for 5
min in a rocking bath. The antibodies and respective conditions were as follow. In the first
set, 100 pl of mix of Streptavidin-Cy3 (Jackson ImmunoResearch Laboratories Inc.,
Pennsylvania, USA) dissolved 1:1000 in blocking solution (2.5% BSA) and Anti-DIG mouse
monoclonal antibody (Roche, Switzerland) dissolved 1:25 in blocking solution] were
applied on each slide. The incubation lasted one hour at 37°C in darkness. In the second
set, 50 ul per preparation of antibody mix containing biotinilated Antistreptavidin (Vector
Lab Inc., California, USA) dissolved 1:25 in a blocking solution and Anti mouse-IG
antibody-DIG (Roche, Switzerland) dissolved 1:25 in a blocking solution was applied.
Incubation conditions were the same as above. In the last set, the mixture of antibodies
contained Streptavidin-Cy3 (Jackson ImmunoResearch Laboratories Inc., Pennsylvania,
USA) dissolved 1:1000 in a blocking solution and anti-DIG antibody-fluorescein (Roche,
Switzerland), dissolved 1:25 in a blocking solution. 100 pl of the mixture was applied on
each slide. The incubation carried on 20 min at 37°C in darkness.

The DAPI staining was performed immediately. The preparations were washed in
1% Triton X in PBS at RT for 5 min. The preparations were incubated in 1% Triton X in
PBS with DAPI (50 ng/ml) at RT for 15 min. After staining the preparations were washed
in 1% PhotoFlo (Eastman Kodak Company, Rochester, USA) in PBS at RT for 2-5 min and
in 1% PhotoFlo in miliQ H,O for 1 min. An excessive fluid was drawn off, 20 ul of DAPCO
(1,4-diazabicyclo[2.2.2]octane, Sigma-Aldrich, St Louis, Missouri, USA ; 20 mM Tris-HCI
pH 8, 90% glycerol) was applied and preparation was covered with a 24x32 mm cover
slip, an excessive liquid was forced out and the preparation was sealed with a nail polish.
The hybridization signals were documented on the preparations with fluorescent
microscope Zeiss Axioplan 2 (Carl Zeiss, Jena, Germany). The pictures were taken with F-
view CCD camera and program AnalySIS 3.2 (Soft Imaging System, Minster, Germany).
The Adobe Photoshop CS 8.0. was used for final arrangement of the pictures.

3.10.2. FISH with microsatellite probes
The preparations were treated with the very same pretreatment as it was used in case of
FISH with biotin/DIG labeled probe in chap. 3.10.1. However, the pretreatment with
Denhardt’s reagens was skipped and the denaturation of preparations described in chap.
3.10.1. was performed immediately after post Proteinase K washes.

The hybridization mix for one preparation was prepared as followed. 300 ng of
labeled telomeric probe and 300-500 ng of microsatellite probe were mixed. Precipitation,

resuspendation and denaturation of the hybridization mix are described in chap. 3.10.1.
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20 pl of denaturated hybridization mix was applied on the denaturated
preparation, it was covered with 24x32 mm cover slip, sealed with rubber cement and let
incubate at 37°C for 3 days in moisty chamber with 2x SSC. The third day the cover slip
was shook off and the preparation were washed twice in 2x SSC at room temperature in
rocking bath, twice in 1x SSC at room temperature in rocking bath and briefly in 1x PBS at
room temperature. The preparations were stained with DAPI as described in chap. 3.10.1.
Alternatively, the preparations were directly mounted in DAPI in DAPCO (0.5 mg/ml). The
preparation was covered with 24x32 mm cover slip, an excessive liquid was pressed out

and the preparation was sealed with nail polish.

4. Results

4.1. GSP-PCR

GSP-PCR is a method, which amplifies unknown repetitive DNA using fragmented gDNA as
primers and intact gDNA as a template. The desired output is a band or bands, which
contain highly repetitive sequences. I fragmented gDNA by denaturation and by digestion
with one of 8 selected restriction endonucleases Afa 1, Alu1, EcoR 1, Hinf 1, Pst1, Rsal,
Sau3A 1 Tag 1. All Restriction endonucleases gave the same negative results therefore I
present only the result of three of them and products of A/ 1, Pst1, Rsal, Sau3A 1 and
7ag therefore are not shown. The fragmented DNA was used as a primer in GSP-PCR. In
order to enhance the possible yield of repetitive DNA, I used the PCR product either for
reamplification in case of PCR with denaturated gDNA or for digestion by respective
restriction endonuclease in case of both types of GSP-PCR products (a scheme of the
experiments is in Fig.1. in chap. 3.2.). Unfortunately, all the combinations gave nothing
but a smear, therefore I decided to stop experiments with GSP-PCR and focus on other
approaches of isolation of repetitive DNA. Outcomes of GSP-PCR are presented at the
Figs.2 and 3.
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Fig.2. GSP-PCR with gDNA digested with selected restriction endonucleases. Fig. 2a presents two sets of
products. Samples without lower “d” present products of GSP-PCR using DNA digested with respective
restriction endonucleases as primers. Samples with lower “d” present products of GSP-PCR with denaturated
gDNA as primers. Those products were subsequently digested with restriction endonucelases. Fig. 2b present
GSP-PCR product with use of gDNA digested with selected restriction endonucleases as a primer.

2x/+  2x/-  Ix/+ 1Ix/-

Fig.3. GSP-PCR with denaturated gDNA with subsequent reamplification once and twice. “+" symbol behind
the slash presents GSP-PCR product with addition of denaturated gDNA as a primer and “-” symbol behind the
slash presents sample without addition of the denaturated gDNA.
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4.2. Isolation and characterisation of satellite DNA

4.2.1. Isolation of satellite DNA

I digested 5 pl of gDNA of C. pomonella with selected restriction endonucleases and
separated it electrophoretically on 1.5% agarose gel. Restriction analysis provided various
restriction products. Out of the 27 tested restriction endonucleases only 14 of them
provided visible restriction bands (see Table 1). For the following analysis I used
restriction products of enzymes Clal, EcoR 1, Kpn1, Not1, Nsp 1, Pst1, Tag1 and Xba I.
Remaining restriction endonucleases provided long products, usually about several
thousand base pairs long, therefore it would be uneasy to clone them and submit them to
the further analysis. Products Pst I, Xba 1 and Not 1 restriction endonucelases each

created 4 restriction bands ranging from 100 bp to 500 bp. Enzyme Cla I produced 3
bands of 350 bp, 250 bp and 100 bp. Restriction endonucleases £coR I produced 3 bands
of 2,400; 2,000; 1,100 bp and Nsp I and 7ag I produced one band of 12,000 and 3,000
bp. I successfully cloned 100 bp and 150 bp restriction bands of Xba I, 400 bp band of
Kpn I enzyme and 500 bp, 350 bp and 150 bp bands of Pst1 enzyme (Fig. 4).

Fig.4. Result of the restriction analysis by agarose gel electrophoresis. Analysis presents only products of
those restriction endonucleases producing restriction bands. Red arrows point at the successfully cloned
bands.
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Tab.1. Summary of products obtained in restriction analysis

Restriction

Number

endonucleas | of bands Length of the bands (bp) Isolated bands
Alul 0
Apal 0
BamH 1 0
Bgl1 0
Clal 3 350; 250; 100
Dral 2 9,500; 7,000
EcaR 1 3 2,400; 2,000; 1,100
EcR V 0
Hae 111 4 10,000; 9,000; 5,500; 5,000
Hhal 4 3 bands larger than 12,000;
9,500
Hind 111 0
Hinf1 3 3,500; 3,000; 2,500
Hpa Il 3 9,500; 8,000; 6,000
Kpn1 2 400; 180 400
Mbp 11 0
Ndel 0
Nhal 0
Not 1 4 500; 350; 150; 100
Nrul 0
Nsp 1 1 12,000
Pst1 4 500; 350; 150; 100 500; 350; 150
Rsal 2 4,500; 2,200
Sau3A 1 0
Smel 0
Sspl 0
Tagl 1 3,000
Xbal 4 500; 350; 150; 100 150; 100
Xhol 0
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4.2.2. Sequencing and characterization of satellite DNA with Southern blot
I sequenced the obtained clones and submitted them to the identification in NCBI. The
100 bp band of Xba I enzyme (Xba I 1-1) turned out to be analogous to microsatellite
sequence (NCBI: Cydia pomonella clone CP5.173 microsatellite sequence, Accesion gi
88866987 D0O394030.1, E value 8e-32). The remaining clones appeared to be of unknown
sequences.

The presented thesis focuses on the complete analysis of isolated satellite DNA
and limited time did not allow finishing analysis of the remaining clones. Thereby I
submitted only selected clones to Southern blot to find out character of the isolated
repetitive sequences. Only clone XbaI 1-1 proved to be a satellite repeat (Fig. 5), since it
expressed a typical ladder-like pattern of bands of decreasing intensity towards longer
fragments. Since it is the first satellite sequence isolated from C. pomonella, 1 named it
CPSAT-1. Clone Xba I 2-2 and clone Apn I 1-1 both seem to be an abundant dispersed
repetition of an unknown mobile element. My conclusion are supported by Southern blot
and FISH (data not shown).

21 kbp

| § | DIGmarkerli
CPSAT-1

3.5 kbp

1.375 kbp

974 bp

Fig.5. Southern hybridization of CPSAT-1 with Xba I digested C. pomonella genomic DNA. Applied size marker
was DIG Marker III (Roche Diagnostics) Exposition time was 1 minute.
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4.2.3. Distribution of CPSAT-1 in C. pomonella chromosomes

In order to find out the distribution of CPSAT-1 I performed FISH with mitotic
preparations. Satellite created rather random dispersive pattern. Signals are basically
scattered throughout all the chromosomes except for one medium size pair of
chromosomes where signals gather into bigger little block (Fig. 6).

Fig.6. FISH with CPSAT-1 on C. pomonella female mitotic chromosomes. Hybridization signal of the CPSAT-1
is red, telomeric probe is green. Chromosomes are counterstained with DAPI. The arrowheads point at
chromosomes with a distinct satellite block. Scale bar = 20 uym.

4.2.4. Dot blot analysis

I submitted the CPSAT-1 to dot-blot analysis with gDNA of various lepidopteran species in
order to find out possible presence of this sequence in other lepidopteran species, as well
as its abundance and conservativeness. The species were selected to represent taxa
closely related as well as distant to C. pomonella. Hybridization was carried out at two
different temperatures, one at 42°C considered as a standard temperature and more
stringent temperature of 52°C in order to determine quantity or rate of divergence of
CPSAT-1 in other species. C. pomonella created the strongest positive hybridization signal,
but it was present in some of the tested species as well. The other species beginning with
Bombyx mori along with Phthorimaea operculella, Xestia c- nigrum, Grapholita molesta,
and Lobesia botrana demonstrated weaker signal. Signal weakened in all species except
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in C. pomonella when more stringent temperature of 52°C was applied during

hybridization. Ephestia kuehniella demonstrated the least visible signal at 42°C that

completely disappeared when the hybridization was performed at more stringent

temperature of 52°C (Fig. 7). The other lepidopteran species used in this analysis, namely

Pieris brassicae, Polyommatus bellargus, Inachis io, and Lasiommata megera did not show

any hybridization signal at any of the two hybridization temperatures (data not shown).

42°C 52°C
o
e ®
©
°
o NH
-
o
NH NH
NH NH
NH NH
NH NH

Fig.7. Dot blot with CPSAT-1 probe hybridized on DNA of C.pomonelia, G. molesta, L. botrana (all

Phthorimaea operculella

Cydia pomonella

Grapholita molesta

Lobesia botrana

Ephestia kuehniella

Bombyx mori

Xestia c- nigrum

Pieris brassicae

Polyommatus belargus

Inachis io

Lasiommata megera

Tortricidae), £. kuehiella (Pyralidae), B. mori (Bombycidae), X. c-nigrum (Noctuidae), P. brassicae (Pieridae),

P. belargus (Lycaenidae), I /o (Nymphalidae), L. megera (Nymphalidae), and P. operculella (Gelechiidae).
Hybridization was carried out at 42°C and 52°C, respectively. Picture also demonstrates phylogenetic
relationship of the species (Komai, 1999; Mutanen, 2010; Horak, 2006, Kim et al., 2010, Kristensen et

al.,2007). NH = no hybridization.
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4.3. Microsatellite FISH

For analysis of microsatellite distribution I used FISH with 16 possible combinations of
mono- di- and trinucleotides probes (A)so, (C)3o, (CA)1s, (GA)1s, (GC)1s, (TA)1s, (CAA)1o,
(CAC)10, (CAG)10, (CAT)10, (CGG)10, (GAA)10, (GAC)10, (GAG)10, (TAA)10, (TAC)10, @ COUrtESY
of doc. RNDr. Eduard Kejnovsky, CSc., according to Kubat et al., 2008. Additionally, I
tested distribution of GATA tetranucleotide, since it has been shown before that it may be
engaged in sex chromosome evolution of some species (e.g. Subramanian et al, 2002). I
analyzed the distribution on mitotic preparations. As a control probe I used telomeric
probe labeled with Spectrum Green (not shown) in order to evaluate the quality of
hybridization procedure and determine an orientation of mitotic chromosomes. Most of
the microsatellites were more or less evenly distributed along chromosomes, however,
there were exceptions. Also, different signal intensity was recorded in comparison of
individual microsatellites. Distribution of respective microsatellites and their pattern on sex
chromosomes are summarized in Tab. 2. In order to get reliable data on the microsatellite
distribution pattern, I carried out FISH with each probe at least twice. Unfortunately, lots
of preparations provided high background signals despite using pretreatment against high

background, therefore it was necessary to perform FISH several times.
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Fig.8a. FISH with microsatellite probes listed in the picture. Female C. pomonella chromosomes are in mitotic
phase. Microsatellite probe is labelled with red fluorochrome, chromosomes are counterstained with DAPI.
Scale bar = 20 ym




Fig. 8b FISH with microsatellite probes listed in the picture. Female C. pomonella chromosomes are in
mitotic phase. Microsatellite probe is labelled with red fluorochrome, chromosomes are counterstained with
DAPI. Scale bar = 20 pm




Tab.2. Evaluation of distribution pattern and signal intensity of the individual microsatellites

microsatellite

W /Z distribution

autosomal distribution, signal

probe intensity, character of the signal
Microsatellite is intensively distributed on
several pairs of medium size chromosomes,
A no difference compared where it rather forms discrete signals
to autosomes predominantly gathered in subtelomeric
regions. It has the strongest signal of all
microsatellite probes analysed.
. Microsatellite creates signal of very distinct
no difference compared . . . . .
C little blocks, this pattern is especially visible
to autosomes .
at several pairs of chromosomes.
Microsatellite is preferentially distributed on
CA signal seems avoid W one pair of the smallest chromosomes,
signal creates evenly distributed little
no difference compared Microsatellite creates signal of very tiny
GA to autosomes little blocks scattered throughout all
chromosomes.
. Microsatellite creates distinct little blocks on
no difference compared .
GC several chromosomes but it demonstrate
to autosomes ) )
rather dispersive pattern on the others.
Hybridization signal is very strong, almost
comparable to the one formed by
. microsatellite A, microsatellite creates very
TA no difference compared distinct little blocks, this tendency is
to autosomes : - )
especially visible on several pairs of large
chromosomes, where it forms conspicuous
distinct little blocks.
. Microsatellite creates very distinct little
no difference compared X ) .
CAA blocks of the comparable size, signal is
to autosomes —
evenly distributed along all chromosomes.
CAC no difference compared Microsatellite signal creates tiny little blocks
to autosomes evenly distributed along chromosomes.
Microsatellite creates rather small little
CAG no difference compared blocks unevenly distributed along individual
to autosomes chromosomes, signals often group into
bigger little blocks
CAT no difference compared Signal is of a dispersive character, rarely
to autosomes does it form little blocks.
GG no difference compared | Signal creates very distinct little blocks
to autosomes distributed on all chromosomes.
GAA no difference compared Signal creates discrete, not very distinct
to autosomes little blocks.
GAC no difference compared Signal creates discrete, not very distinct

to autosomes

little blocks.
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no difference compared

Signal is of a dispersive character, the

GAG to autosomes intensity is lower at 4 pairs of the smallest
chromosomes.
Signal has specific
pattern on the W Microsatellite creates dispersive pattern
TAA -
chromosome evenly distributed along all chromosomes.
chromosome.
Microsatellite forms one distinct little block
no difference compared or grouping of more little signals in
TAC 4 ;
to autosomes subtelomeric part of two little and one
medium size chromosome pairs.
Signal seems to have
polar distribution on W . li di ive sianal
chromosome. where it is Microsatellite cr_eat_es ispersive signal more
GATA ! or less evenly distributed along all

preferentially distributed
on one half of the
chromosome.

chromosomes.




5. Discussion

Ever since its discovery, the repetitive DNA attracted lots of attention. Its unusually high
content and uneven distribution within eukaryotic genome implied its significant role in
genome structure and evolution. Nowadays, as research of repetitive DNA advanced we
can make some general conclusions about its characteristic and behaviour within the
genome. Tandem arrays comprise substantial part of the eukaryotic genome. Their
character and distribution is, for the most part, well recognized speaking of monocentric
chromosomes (Palomeque and Lorite, 2008). However, the character and distribution in
holokinetic system remain elusive due to the absence of heterochromatic hotspot
represented by centromere in case of monocentric chromosomes.

In this thesis I aimed to isolate and characterise satellite DNA in the genome of
codling moth. For this purpose I chose different approaches successfully used in previous
publications.

5.1. GSP-PCR

In this study I attempted to selectively amplify and isolate satellite DNA in the genome of
codling moth by means of GSP-PCR method. My research, however, did not bring any
positive results in contrast to studies conducted previously. Buntjer and Lenstra (1998),
who developed the method, successfully amplified satellite DNA in all tested organisms,
namely horse, chicken, ostrich, dolphin, and cattle. Owing to their research a new satellite
in ostrich was identified and isolated. The same conclusions reached Macas et al. (2000)
who isolated two new families of tandem repeats in Vicia using this method.

The method may not be sensitive to short tendem repeat stretches. My findings
may be explained by holokinetic character of lepidopteran chromosomes that in case of C.
pomonella seem to lack bigger blocks of tandem arrays. I base these conclusions on
dispersive distribution of satellite DNA in the codling moth genome as I proved in this

work.

5.2. Distribution of satellite DNA in the genome of C. pomonella

Satellite sequence CPSAT-1 I managed to isolate is the second satellite DNA successfully
isolated from the lepidopteran genome so far. The only Lepidopteran satellite sequence,
MBSAT1, was isolated from the cell line of the cabbage moth Mamestra brassicae
(Mandrioli et al., 2003). Distribution of this satellite in the M. brassicae cell line was
limited to the heterochromatic regions of sex chromosomes. However, research of the
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respective satellite sequence on the chromosomes coming from the wild population of M.
brassicae near Ceské Budé&jovice did not detect any positive signal (Magda Vitkova,
personal communication).

Satellite DNA in the genome of C. pomonella presented in this thesis is more or
less evenly distributed through the genome and does not cluster or create any specific
pattern. The only exception is the medium size chromosome pair where hybridization
signals aggregate to a bigger block. The finding is in contrast to general fact that satellite
DNA as a major part of heterochromatin often clusters in regions with very low
recombination which is often represented by heteromorphic chromosomes (Charlesworth
et al., 1994; Stephan and Cho, 1994).

Weaker hybridization signals in Dot blot at higher temperature observed in all
species except C. pomonella evidences for lower sequence similarity rather than smaller
amount of the satellite in the respective genomes. Interestingly, the most divergent
sequence occurs in £ kuehniella, while less divergent sequence was found in
phylogenetically more distant P. gperculella. Lack of the hybridization signals in Pieris
brassicae, Polymmatus bellargus, Inachis io, and Lasiommata megera implies that
genomes of respective species devoid the satellite DNA entirely. The satellite sequence
might have disappeared randomly during evolution or its sequence lost most of its original
homology in extent unrecognizable by the probe used during hybridization.

It is common knowledge that monocentric chromosomes are characteristic for the
presence of heterochromatin blocks located predominantly in centromere, subtelomeric,
and telomeric regions, in NOR and in sex chromosomes (Ray and Venketeswaran, 1978).
Some particular satellite DNA sequences are also known as a functional part of the
centromeres in eukaryotes. Particularly satellite DNA binding kinetochore proteins in
human is alpha-satellite DNA (Willard et al., 1987). Holokinetic chromosomes have
dispersed centromere therefore the motif that interacts with kinetochore is dispersed in
the similar way. However, considering random and non-regular distribution of satellite
DNA within C. pomonella genome I conclude that the isolated satellite DNA CPSAT-1 does

not have a function similar to that of human alpha-satellite DNA.

5.3. Microsatellite distribution in the genome of C. pomonella

Besides satellite DNA, microsatellite DNA is another member of tandemly organised
repetitive DNA class. Character of the sequence and genomic distribution along with
behaviour within the genome differ considerably between satellite and microsatellite

repeats. Microsatellites are an object of extensive research due to characteristics it
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presents. Character of distribution and variability in the length of microsatellite array
predetermine them to be employed as a useful tool in various genetic applications, such
are construction of genetic maps, various linkage analysis, population genetic studies
etcetera (Dietrich et al., 1994; Dib et al.,, 1996; Schlotterer and Pemberton, 1998;
Goldstein and Schlotterer, 1999). Research focusing on their further analysis is therefore
of a major interest.

Studies dealing with microsatellite characterisation and distribution mostly focus on
analysis of the information obtained from genome sequence project and BAC sequences
of chosen organisms and physical distribution of microsatellites in the complement.
Research focused on the distribution of microsatellite arrays in the holokinetic system is
still scarce, limited only to survey of the genome sequence of B. mori (Prasad et al., 2004)
and studies focused on analysis of microsatellites as markers for population genetic
studies (Meglécz, 2004, 2007; Franck et al., 2005). Analysis of its physical distribution
within holokinetic system may elucidate their function in the genome and help in
understanding of the evolutionary dynamics of the holokinetic chromosomes. It may also
shed lights on the structure of C. pomonella genome and push us forward in the research
of lepidopteran cytogenetics. In the presented thesis I analyzed physical distribution of
microsatellite in the C. pomonella complement.

There are several papers focusing on the microsatellite distribution in the genome
of plants and animals. Surprisingly, their findings are contradictory. For instance,
Charlesworth et al. (1994) reported microsatellites avoiding heterochromatic regions,
which was supported later by research on sugar beet (Schmidt and Heslop-Harris, 1996).
On the other hand, microsatellite (GAA) in barley prefers heterochromatin regions, and so
do microsatellites in wolf fish (Cioffi et al. 2010).

Mapping of the microsatellite distribution in this study revealed several differences
in hybridization of particular microsatellites. The overall picture, however, gives an
impression of more or less uniform density of most microsatellites in the complement of
C. pomonella compared to findings made in organisms with monocentric chromosomes
(e.g. Kubat et al., 2008; Cioffi et al. 2010; Schmidt and Heslop-Harrison, 1996). Character
of microsatellite distribution is rather dispersive, signals are more or less evenly scattered
through the chromosomes and most microsatellites give non-specific pattern. My
conclusions neither accept nor reject findings presented above since the distribution of
most microsatellites in C. pomonella genome was more or less evenly dispersed along all
chromosomes. This includes the sex chromosomes regardless the fact that W

chromosome in case of C. pomonella is completely heterochromatic (Traut and Marec,
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1996). Such finding opposes a theory that microsatellites may have function in sex
chromosome evolution (e.g. Subramanian et al., 2003). Several other studies reported
accumulation or specific distribution of microsatellites in sex chromosomes. Kubat et al.
(2008) conducted research on microsatellite distribution in Silene /atifolia and discovered
accumulation of microsatellite DNA on Y chromosome and they support their findings by
models predicting accumulation on non-recombining regions of the genome. Their
findings also agree with observations of several above mentioned studies that
microsatellites tend to aggregate in euchromatic part of chromosomes since S. /atifolia Y
chromosome is for the most part created by euchromatin with only small pericentric and
subtelomeric heterochromatic blocks (Kubat et al., 2008).

Several authors observed chromosome specific pattern of tetranucleotide GATA in
their survey of microsatellite distribution. Analysis of GATA microsatellite repeat in human
genome proved predominant occurrence of this repeat on the sex chromosomes. Also
distribution on the sex chromosomes was proven to be nonrandom. Y specific region
almost devoided of GATA while the region homologous with X chromosome was rich in
this repeat. Based on these observations, authors even suggested possible role of this
repeat in higher order chromatin organization (Subramanian et al., 2003). Their
observations drove me to include GATA tetreanucleotide in this study. My findings,
however, did not indicate any preferential aggregation of GATA on sex chromosomes and
rejected therefore the idea proposed by Subramanian in reference to C. pomonella.

Random distribution of microsatellites in C. pomonella genome can be caused by
the presence and activity of transposable elements. Transposable elements often contain
microsatellites and extension of the retrotranscripts has been suggested as well (Nadir et
al., 1996). On the other hand, Abe et al. (2005) in the sequence analysis of W
chromosome showed aggregation of transposable elements on the W chromosome and so
suggested Fukova et al. (2007) in C. pomonella W chromosome. My findings, however, do
not indicate any microsatellite aggregation on any of the sex chromosomes. The possible
explanation is the absence of crossing-over in lepidopteran females and therefore absence
of ectopic recombination, which is one of the mechanisms involved in tandem repeats
elongation.

Despite evenly dense distribution and dispersed pattern of microsatellite repeats
observed in this research several conclusions can be made about specificity of
hybridization in several microsatellite repeats. Based on the intensity of hybridization
signal an AT rich microsatellites were the most abundant ones, particularly A, and AT

microsatellite repeats. These findings are in congruence with findings in the genome of
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Arabidopsis thaliana (Cardle et al., 2000), Saccharomyces cerevisiae (Young et al., 2000),
and B. mori (Prasad et al., 2004) as the only representative of the organism with
holokinetic system where the characterisation of the microsatellites has been conducted.
Genome analyses of the rice (Temnykh et al., 2001), maize (Chin et al., 1996), and
human (Jurka and Pethiyagoda, 1995) contradicts these observations when showing
abundance of GC-rich microsatellites.

All the findings mentioned above evidence for chromosome specific distribution of
microsatellite DNA, which seems to be general feature of eukaryotic organisms (Schmidt
and Heslop-Harrison, 1996). These findings also contribute to the idea that monocentric
chromosomes show specific pattern compared to rather non-selective scattered pattern
observed in this study, which may be caused right by the holokinetic state of the
chromosomes.

The uniform microsatellite distribution can be attributed to holokinetic state of C.
pomonella chromosomes presenting different evolutionary dynamics compared to
chromosomes monocentric where the distribution was proven rather selective. Survey
conducted by d’Alencon et al. (2010) proved high macrosynteny conservation and
simultaneous high rate of local genome rearrangements in lepidopterans. The observation
is unforeseen considering holokinetic state of its chromosomes proven to be more prone
to rearrangements compared to chromosomes monocentric (Mola and Papeschi, 2006).

Another explanation of differential microsatellite distribution between monocentric
and holokinetic chromosomes may refer to general characteristic of Eukaryotes often
showing largely conserved synteny of coding sequences sometimes among distantly
related taxonomic groups (Paterson et al., 1995; Shields, 1993; Moore, 1995). Repetitive
DNA, however, is not under strong selective pressure and its evolutionary dynamics
differs widely among closely related species (Schmidtt and Harrison, 1996). This study
proves that evolutionary dynamics of the genome can be very unexpected and lots of
further research needs to be done until some conclusions about this problematic will be

made.
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6. Summary

This thesis deals with the characterisation of repetitive DNA in the genome of codling
moth, Cydia pomonella. Several approaches were used in order to isolate, characterize
and localize different types of tandemly repeated DNA.

For the isolation of satellite DNA I used GSP-PCR, which failed to yield any satellite
DNA, and restriction analysis of genomic DNA (gDNA). Restriction analysis managed to
detect products in 14 out of 27 tested restriction endonucelases (RE). Products of three of
them were successfully isolated and sequenced and subsequent Southern blot revealed
tandem organisation of the product created by Xba I RE. The satellite was nhamed CPSAT-
1 since it is the first satellite DNA isolated from C. pomonella. CPSAT-1 was further
submitted to Dot blot hybridization with gDNAs of various lepidopteran species. The
analysis revealed that a sequence or sequences similar to CPSAT-1 occur in
representatives of rather distant families except Papilionoidea, where it is completely
missing

The physical distribution of the CPSAT-1 within C pomonella genome was
accomplished by means of FISH, which showed evenly dispersed pattern along all
chromosomes. The one exception presented a pair of medium size chromosomes where a
larger block of satellite grouping was observed.

The last approach was mapping of microsatellite distribution on C. pomonelia
chromosomes by means of FISH with microsatellite probes. Analysis revealed differences
in distribution and intensity of several microsatellite probes, although most microsatellites
did not show any specific pattern. Most of the microsatellites neither avoided nor
preferred heterochromatic W chromosome including microsatellite GATA, which is

believed to participate on sex chromosome evolution.
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